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Abstract: Cellulose-based film has gained popularity as an alternative to synthetic polymers due to its outstanding properties. Among all types of cellulose materials available, cellulose nanofiber (CNF) has great potential to be utilized in a diverse range of applications, including as a film material. In this study, CNF biocomposite film was prepared by using polyvinyl alcohol (PVA) as a matrix and Uncaria gambir extract as a filler. This study aims to investigate the effect of Uncaria gambir extract on the optical properties and thermal stability of the produced film. The formation of the CNF biocomposite films was confirmed using Fourier Transform Infrared Spectroscopy, their transmittance characteristics were measured using UV-Vis spectroscopy and a transmittance meter, while their reflectance was determined using a reflectance meter. The results revealed that the addition of Uncaria gambir extract to the CNF biocomposite film improved its UV-shielding properties, as indicated by the lower percentage of transmittance in the visible region, 10%–70%. In addition, its reflectance increased to 10.6% compared to the CNF film without the addition of Uncaria gambir extract. Furthermore, the thermal stability of the CNF biocomposite film with the addition of Uncaria gambir extract improved to around 400°C–500°C. In conclusion, the results showed that CNF biocomposite film prepared by adding Uncaria gambir extract can be a promising candidate for optical and thermal management materials.

Keywords: Cellulose nanofiber; biocomposite film; optical properties; Uncaria gambir; thermal stability





1  Introduction

Plastic products that are commonly made from synthetic polymers have been widely used in numerous applications, especially as single-use or disposable products. The convenience and practicality of plastic products have made their usage of plastic products increasingly popular in recent decades. However, the high consumption of these non-sustainable plastic products has resulted in an increase in waste produced, which is projected to rise further by around 53 million metric tons in 2030 [1]. Therefore, various remediation strategies have been proposed to overcome the negative impacts of plastic waste pollution which has caused damage to the environment and human health [2,3]. One of the most well-known solutions to this problem is the use of natural polymers that are biodegradable, abundant, and inexpensive [4], whose potential as alternative materials to synthetic polymers has been examined in several studies [5,6].

Cellulose is one of the most extensively developed natural polymers [7–9]. As it can be extracted from wide variety types of plants, this homopolymer consisting of β-D-glucopyranose units is considered the most abundant natural resource [10,11]. Owing to its high number of hydrogen bonds, cellulose is typically found as a load-bearing component in plant cell [12]. Cellulose materials have outstanding properties, such as biodegradable, renewable, sustainable [13], biocompatible and non-toxic [14], as well as having high mechanical properties [15], and tune-able optical characteristics [16], making them applicable for various usages.

Among its diverse utilizations, the use of cellulose in film production has attracted special attention in the past decades. Cellulose films can be used for different types of products, for instance, food packaging [13], coating [17,18], optoelectronics [16], flexible electronics [19], thermoelectric material, conductive film [20], and water treatment [21]. Previous studies have also shown the potential of cellulose as a promising material for an environmentally-friendly film in thermal management applications, especially to address the issues concerning plastic waste [22,23]. Nevertheless, a comprehensive investigation into this matter still needs to be explored. Previous studies have reported the use of cellulose from various resources and derivatives, either pure or combined with other materials, for the production of film. Different types of filler or additives have also been used to enhance the optical and thermal characteristics of the produced cellulose film [10]. For example, Sayed et al. utilized alkali-cellulose by adding clove essential oil to make films and reported an improved antimicrobial activity [24]. Films prepared by adding linseed oil, lemon oil, and Fe3O4 have also been proven to exhibit excellent antibacterial and antioxidant properties [13,21]. In addition, carboxymethyl cellulose (CMC) was also used in previous studies. The CMC film showed a great potential with outstanding UV-shielding characteristics [25]. While, Widyaningrum et al. explored the utilization of cellulose nanofiber (CNF) to produce films by adding silver nanowires, which successfully improved the thermal stability and conductivity of the produced films [19]. However, studies on the use of sustainable and renewable fillers for cellulose film production remain very limited. Therefore, this study aims to analyze the use of Uncaria gambir extract as a natural filler for CNF-based films.

Numerous prior studies have shown that CNF has a uniform fiber dispersion within the matrix material during the preparation of the films [26,27]. This is most likely due to the nanoscale dimensions of the CNF material that produce a high degree of crystallinity. As a result, it favored the optical and thermal characteristics of the produced film, and making it suitable for thermal management applications. In this study, CNF was prepared as a biocomposite film by using polyvinyl alcohol (PVA), which has been considered the most effective and widely used polymer matrix for the production of cellulose biocomposite films [24,28]. The Uncaria gambir extract used as a natural filler in this study consists of approximately 92% catechin, a phenolic type compound that is expected to improve the UV-light shielding characteristics and anti-bacterial activity of the produced CNF biocomposite film [29]. Therefore, the effect of adding Uncaria gambir extract to the CNF biocomposite film on its optical and thermal characteristics was investigated in this study. The presence of phenolic compound in Uncaria Gambir is expected to improve the characteristics of the produced CNF biocomposite film, especially as an alternative material for optical and thermal management applications.

2  Experimental

2.1 Materials

Cellulose nanofiber (CNF) powder with a diameter of 10–20 nm and a length of 2–3 µm was purchased from Nanografi Nano Technology (Çankaya, Turkey). Polyvinyl Alcohol (Fully Hydrolyzed PVA, 70–100 kDa) was obtained from Sigma-Aldrich (Saint Louis, MO, USA). 95% purified Uncaria gambir powder composed of 92% catechins, 8.1% water, and 0.1% ash was purchased from FitoPure (Padang, Indonesia).

2.2 Preparation of CNF Biocomposite Films

CNF suspension, PVA solution, and Uncaria gambir (G) were prepared separately. First, 2 wt% CNF powder was dissolved in demineralized water using a magnetic stirrer at 50°C for 30 min. Then, 5 wt% PVA solution was also prepared by dissolving solid PVA in demineralized water using a magnetic stirrer at 80°C for 30 min and allowing it to cool at room temperature. Meanwhile, 1 wt% Uncaria gambir solution was prepared by dissolving the powder in demineralized water an ultrasonic processor at room temperature for 15 min and letting it sit for 2 h to remove undissolved particles (ash component) prior to the blending process.

The CNF biocomposite films were prepared using the solution casting method with a weight ratio of 10:40:10 (CNF:PVA:G). The solution was mixed using an ultrasonic processor until all components became well dispersed for approximately 45 min at room temperature. Lastly, the mixed solution was poured into a petri dish mold and dried using an oven at 80°C for 24 h.

2.3 Characterization of CNF Biocomposite Films

To confirm the formation of biocomposite films, FTIR spectroscopy (PerkinElmer, Waltham, USA) was employed to examine the functional groups of the materials used. Biocomposite film samples were prepared in a size of 1 cm × 1 cm were subsequently put into a sample holder and exposed to infrared radiation in the range of 4000–600 cm−1.

The transmittance of the biocomposite films was determined using UV-Vis spectroscopy (Shimadzu, Kyoto, Japan). For this purpose, the samples were cut into a size of 1 cm × 3 cm and placed in a sample holder. Then, the samples were subjected to wavelengths in the range of 200–800 nm. In addition, the transmittance percentage of CNF biocomposite films was also confirmed using an LH-220 optical transmittance meter (Shenzhen Lianhuicheng Technology Co., Ltd., Shenzhen, China). Biocomposite film samples were prepared in a size of 3 cm × 3 cm, placed in the test slot, and then exposed to visible light in the range of 380–760 nm.

Furthermore, reflectance percentage of the CNF biocomposite films was measured using the RM-206 digital reflectance meter (Landtek, Guangzhou, China). For this measurement, biocomposite film samples in the size of 3 cm × 3 cm were prepared and then exposed to visible light.

Lastly, the thermal stability of the CNF biocomposite films was examined using the TA-WS 60 Thermogravimetric Analyzer (Shimadzu, Kyoto, Japan). 10 mg of biocomposite film samples were prepared and then placed on an aluminum plate. Then, the measurement was carried out under an argon gas atmosphere in the range of 25°C–800°C.

3  Results and Discussion

3.1 Formation of CNF Biocomposite Films

Films were successfully prepared using the solution casting method with three different compositions, namely pure PVA, PVA-CNF, and PVA-CNF-G. All samples showed similar thicknesses of around 0.2–0.3 mm and varying grammages of 221.67, 281.67, and 304.17 g/m2 for PVA, PVA-CNF, and PVA-CNF-G films, respectively. In addition, among all samples, PVA film displayed the highest transparency. The addition of CNF to PVA slightly reduced the transparency of the produced film, whereas the addition of Uncaria gambir extract completely changed the visual appearance of the film to a yellowish color. The visual comparison of all samples can be seen in Fig. 1.

[image: images]

Figure 1: (A) PVA (5 wt%), (B) PVA-CNF (5:2 wt%), and (C) PVA-CNF-G (5:2:1 wt%) biocomposite films

The formation of the produced biocomposite films was confirmed by the FTIR spectrometry characterization to identify the functional groups of the used materials within the films. The spectra of PVA and PVA-CNF biocomposite films showed similar patterns with several peaks indicating the chemical composition of each material (as can be seen in Fig. 2), where two samples displayed high peaks at 3268 and 2920 cm−1 which were assigned as O-H stretching of intramolecular and intermolecular within the hydroxyl groups, respectively. This finding confirms previous studies which also reported that the addition of CNF to PVA did not affect the chemical structure of the film [19,30]. Moreover, the peaks of around 1650, 1082, and 840 cm−1 indicated the C=O stretching, C-O stretching functional groups, and C-H vibration, respectively [31].
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Figure 2: FTIR spectra of PVA and PVA-CNF biocomposite films

On the other hand, according to the FTIR spectrum of PVA-CNF-G showed in Fig. 3A, the sample with the addition of Uncaria gambir extract experienced one significant peak at 1602 cm−1 signifying the presence of the C=C stretching in phenolic rings of the catechin structure which is the composition of the Uncaria gambir extract that has antioxidant and anti-microbial properties. This is confirmed by the FTIR spectrum of Uncaria gambir extract in Fig. 3B. Furthermore, by introducing Uncaria Gambir to the biocomposite film, there was a decrease in the band intensity at 3268 and 2920 cm−1 compared to the PVA and PVA-CNF samples. This indicates that the number of O-H stretching vibrations decreased due to an increase in the degree of crosslinking that is formed between CNF and Uncaria Gambir structure [32,33]. Overall, the FTIR spectra seen in this study are similar to those in previous studies [34–36].
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Figure 3: (A) FTIR spectra of PVA, PVA-CNF, and PVA-CNF-G films and (B) FTIR spectrum of Uncaria gambir extract

3.2 Optical Properties of CNF Biocomposite Films

The optical properties of the produced films were characterized using UV-Vis spectroscopy. As seen in Fig. 4A, PVA and PVA-CNF biocomposite films displayed similar results with high transmittance of around 85%–90% in range of visible light, indicating that the CNF particles were evenly dispersed within the PVA matrix and did not affect the optical properties of the produced films. The finding is in line with the previous study which reported a transmittance of around 90% for both PVA and PVA-CNF films [37]. However, the addition of Uncaria gambir extract to the film slightly reduced its transmittance percentage to around 70%–80% in the visible region. Meanwhile, within the UV region, the spectrum of the film changed dramatically with the absorption of UV light due to the presence of chromophores or phenolic rings in the Uncaria gambir extract. The biocomposite film can block 100% of UV-B rays (280–320 nm) and almost 98% of UV-A rays (320–400 nm). The result indicates that the produced biocomposite film has a good UV-shielding characteristics, especially for thermal management applications [38,39].
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Figure 4: Transmittance of PVA, PVA-CNF, and PVA-CNF-G films measured using (A) UV-Vis spectroscopy and (B) a digital transmittance meter

Furthermore, the transmittance of the produced films in the visible region was also measured using a digital transmittance meter. The results showed that the transmittance percentages of PVA and PVA-CNF films were in accordance with the results obtained from the UV-Vis spectroscopy, as presented in Fig. 4B, where PVA and PVA-CNF biocomposite films had transmittance percentages of 91.88% and 89.14%, respectively. The current study showed that CNF/PVA biocomposite film had a better transmittance value compared to the other report, such as cellulose nanocrystals/polyacrylamide-based film only had 75% of transmittance at 550 nm [40]. Meanwhile, the addition of Uncaria gambir extract to the CNF biocomposite films decreased its transmittance percentage to 25.52%, indicating that the presence of catechin compounds absorbed most light in the UV region. Furthermore, based on the results of the reflectance measurement, both PVA and PVA-CNF biocomposite films possessed a low reflectance percentage of 0.74% and 1.02%, respectively. Meanwhile, introducing Uncaria gambir extract to the film increased the reflectance percentage to more than 10%, as shown in Fig. 5.
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Figure 5: Reflectance of PVA, PVA-CNF, and PVA-CNF-G biocomposite films

3.3 Thermal Stability of CNF Biocomposite Films

The thermal stability of the produced films was observed using TGA curves, as shown in Fig. 6.
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Figure 6: TGA curves of PVA, PVA-CNF, and PVA-CNF-G biocomposite films

The results showed that the addition of CNF and Uncaria gambir extract to the produced films influenced the thermal stability characteristic. In general, all films undergo two stages of decomposition. The film samples experienced small weight loss in the range of 83%–90% in the first stage, which is attributed to the decomposition of moisture and other volatile components [41]. The results of this observation showed that the addition of CNF and Uncaria gambir extract enhanced the thermal stability of each film, where PVA-CNF and PVA-CNF-G films experienced initial weight loss at 279°C and 286°C, respectively.

Furthermore, the second decomposition stage showed similar results, where all biocomposite films experienced a significant weight loss at temperatures around 400°C–500°C. However, the PVA-CNF-G biocomposite film exhibited better thermal stability at the maximum decomposition temperature with slightly less weight loss than the other films. This is possibly due to the presence of phenolic compounds in Uncaria gambir extract, which requires higher energy to decompose the film. In addition, the char residues of PVA and PVA-CNF films at high temperatures were 1.5% and 0.3%, respectively, whereas the PVA-CNF-G biocomposite film displayed a higher char residue of less than 10% at 800°C. Overall, these measurements showed comparable results to the previous studies [37].

4  Conclusions

In this study, CNF biocomposite films have been successfully prepared using the solution casting method by using PVA as a matrix and Uncaria gambir extract as a filler. The addition of Uncaria gambir extract was proven to affect the optical properties of the produced film. The addition of Uncaria gambir extract decreased the transmittance percentage of the biocomposite film by around 10%–70% in the visible light region. In addition, it also increased the reflectance percentage of the biocomposite film up to 10.6%. The presence of Uncaria gambir extract improved the thermal stability of biocomposite film at high temperatures. These findings imply that the CNF biocomposite film prepared with Uncaria gambir extract has the potential to be used in UV-shielding coating applications.
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